Lower strength of the human posterior patellar tendon seems unrelated to mature collagen cross-linking and fibril morphology. J Appl Physiol 108: 47-52, 2010. First published November 5, 2009 doi:10.1152/japplphysiol.00944.2009The human patellar tendon is frequently affected by tendinopathy, but the etiology of the condition is not established, although differential loading of the anterior and posterior tendon may be associated with the condition. We hypothesized that changes in fibril morphology and collagen cross-linking would parallel differences in material strength between the anterior and posterior tendon. Tendon fascicles were obtained from elective ACL surgery patients and tested micromechanically. Transmission electron microscopy was used to assess fibril morphology, and collagen cross-linking was determined by HPLC and calorimetry. Anterior fascicles were markedly stronger (peak stress: 54.3 Ϯ 21.2 vs. 39.7 Ϯ 21.3 MPa; P Ͻ 0.05) and stiffer (624 Ϯ 232 vs. 362 Ϯ 170 MPa; P Ͻ 0.01) than posterior fascicles. Notably, mature pyridinium type cross-links were less abundant in anterior fascicles (hydroxylysylpyridinoline: 0.859 Ϯ 0.197 vs. 1.416 Ϯ 0.250 mol/mol, P ϭ 0.001; lysylpyridinoline: 0.023 Ϯ 0.006 vs. 0.035 Ϯ 0.006 mol/mol, P Ͻ 0.01), whereas pentosidine and pyrrole concentrations showed no regional differences. Fibril diameters tended to be larger in anterior fascicles (7.819 Ϯ 2.168 vs. 4.897 Ϯ 1.434 nm 2 ; P ϭ 0.10). Material properties did not appear closely related to cross-linking or fibril morphology. These findings suggest region-specific differences in mechanical, structural, and biochemical properties of the human patellar tendon.
IN PATELLAR TENDINOPATHY the pathological tendon changes are typically located in the posterior proximal tendon at the insertion on the deep aspect of the patellar bone (17) . The reason for this is not established. Khan et al. demonstrated marked histopathological changes in the proximal patellar tendon accompanied by clear abnormalities in the same location demonstrated by magnetic resonance imaging and ultrasonography (19) . Variations in intratendinous loading patterns may be implicated since studies have demonstrated that the anterior and posterior aspects of human patellar tendon are exposed to different magnitudes of tensile strain during knee flexion, (1, 7, 13) . A study on isolated tendon fascicles showed decreased material strength of fascicles of the posterior patellar tendon (16) . It is possible that such variations in loading patterns may correlate to variations in mechanical properties within the patellar tendon. In support of this notion, a recent study by Lavagnino et al. elegantly demonstrated increased localized tendon strain at the classic lesion site of "jumper's knee" (22) . Collectively, there seems to be evidence that the susceptibility to tendinopathy of the patellar tendon is related to differential intratendinous loading patterns and regional variation in tendon strength.
Tendon strength is related to both ultrastructure and biochemical composition of the tendon. Type I collagen molecules constitute the fundamental structural components of tendon. Collagen molecules assemble into fibrils (18) , which are thought to be major load-bearing units of the tendon, although their importance compared with other matrix components such as proteoglycans has yet to be firmly established (29, 30, 32, 33) . The mechanical integrity of fibrils is thought to be augmented by so-called "mature" cross-links. Mature cross-links are trivalent chemical bonds that link neighboring collagen molecules together and strengthen the collagen lattice. Immature enzymatically derived cross-links spontaneously convert into the trivalent form with maturation (5) . In human tendon, the pyridinium type cross-links lysylpyridinoline (LP) and hydroxylysylpyridinoline (HP) constitute such mature cross-links (4, 5) . Additionally, nonenzymatic glycation of collagen occurs with aging, leading to the accumulation of advanced glycation end-products (AGEs), which further cross-link the collagen molecules and lead to a "stiffening" of the tissue. One such AGE is pentosidine (PENT), which is commonly used as a biomarker of nonenzymatic glycation (4, 5) .
Collagen fibril morphology has implications for the mechanical tissue properties. Small-diameter fibrils are expected to be weaker than large-diameter fibrils, which in turn are associated with increased tensile strength of dense collagenous tissues (29) . In animal studies, the fibril diameter distribution has been shown to differ within individual tendon regions (31) and between individual tendon types (12) . Recently, a site-specific loss of large-diameter fibrils in the central part of ruptured human Achilles tendons was suggested to have reduced failure strength and contributed to overt tendon rupture (25) .
We hypothesized that region-dependant differences in mechanical properties exist between the anterior and posterior regions of the patellar tendon and that such differences are associated with alterations in collagen fibril morphology and the biochemical cross-link composition of the tendon fascicles.
MATERIAL AND METHODS
Preparation of tendon fascicles. Before initiation of the study, approval was obtained from the local Ethics Committee. Informed consent was acquired from all patients included in the study. During elective anterior cruciate ligament (ACL) reconstructive surgery, tissue samples were obtained from healthy young men (mean Ϯ SD, age 32 Ϯ 9 yr; body mass 85.6 Ϯ 11.6 kg; n ϭ 9). At the time of elective surgery, the patients had full range of knee motion and were able to perform normal activities of daily living without disabling symptoms but were unable to participate in sports due to knee instability. The middle third of the patellar tendon was harvested for the ACL graft. From the graft, a thin bundle of tendon (ϳ35 mm in length and ϳ3.5 mm in diameter) was obtained from the anterior and posterior tendon regions, respectively. From the tendon bundle, three fascicles (length ϳ35 mm; diameter ϳ300 -400 m) were dissected under stereomicroscopic guidance. The fascicles were transferred to PBS-moistened (0.15 M) sterile gauze and stored at Ϫ20°C. Immediately before mechanical testing of a fascicle, the fascicle was allowed to thaw while moistened in PBS (0.15 M)-soaked gauze for ϳ30 min at room temperature.
Instrumentation. A micro tensile testing stage was used for mechanical testing of tendon fascicles. The stage (200-N tensile stage, petridish version, Deben, Suffolk, UK) consists of a load cell (1% accuracy), a specimen liquid chamber, and two specimen mounting plates driven by a computer-controlled motor fitted with a linear variable differential transducer (LVDT) that registers changes in mounting plate displacement. The stage with the sample mounted is placed directly under a stereomicroscope (SMZ1000, Nikon, Tokyo, Japan) with a C-mount lens (ϫ0.38). The microscope is equipped with a 15-Hz digital camera (DFWX700, Sony, Tokyo, Japan) with a 1,024 ϫ 768 output signal format that allowed acquisition of detailed image data of the sample.
Mechanical testing procedures. Fascicles of ϳ25 mm were prepared for mechanical testing as described previously (16) . Briefly, each 5-mm end of the collagen fascicle was allowed to air dry at room temperature, whereas the central region of the fascicle was wrapped in PBS-soaked (0.15 M) gauze. Next, the dried fascicle ends were glued to the uncoated aluminum specimen mounting plates of the mechanical rig with cyanoacrylate. The fascicle and mounting plates were then immersed in PBS solution (0.15 M) in a Petri dish fitted in the mechanical rig. The fascicle was hydrated for 20 min before the failure tests were conducted at a strain rate of 2.0 mm/s. The initial specimen testing length (mounting plate-to-mounting plate distance) was ϳ15 mm, except in four fascicles where the testing length needed to be reduced to ϳ10 mm due to the shorter length of the biopsy in four patients. For all samples, the original length (L 0) was determined once the fascicle was mounted in the testing apparatus. L0 was measured at force onset by slowly straining the fascicle until a slight rise in force (ϳ0.03 N) was detected. A high-resolution stereomicroscopic image of the mounted fascicle was obtained in this position, and the length was measured from the acquired image. The measured L 0 was subsequently used for strain calculations. Since the exact L0 was accounted for in all measurements, we do not expect the inclusion of the ϳ10-mm biopsies to have influenced the measurements.
Biochemical analysis. The analysis of collagen, pyridinium crosslinks, and PENT are described in detail elsewhere (21) . Collagen concentration was measured spectrophotometrically as described by Creemers et al. (11) . Cross-link analysis was performed by HPLC. The calculation of collagen cross-link concentration was based on concentrations of pure compounds of HP, LP, and PENT as external standards in each HPLC run. The collagen content was expressed as milligram per milligram dry weight. The quantities of cross-links were expressed as mol/mol collagen. Pyrrole was assayed colorimetrically as described by Avery et al. (3) and expressed in the same fashion (mol/mol collagen).
Transmission electron microscopy. Biopsy specimens for transmission electron microscopy (TEM) were collected from six (means Ϯ SD; 31 Ϯ 12 yr; body mass 82 Ϯ 7 kg) of the nine patients. Following dissection of the biopsy, fascicle specimens were fixed in a 2% glutaraldehyde solution in 0.05 M sodium phosphate buffer (pH 7.2) and stored at 4°C until subsequent analysis. The procedure for the TEM and the following measurements of collagen fibril diameter is described in detail previously (25) . Following fixation, specimens were dehydrated in graded series of ethanol, transferred to propylene oxide, and embedded in Epon (Hexion, Houston, TX) according to standard procedures. Ultra-thin sections were cut with a Reichert-Jung Ultracut E microtome, collected on one-hole copper grids with Formvar supporting membranes, and stained with uranyl acetate and lead citrate. The sections were examined with a Philips CM 100 TEM operated at an accelerating voltage of 80 kV. Images were recorded with a Megaview 2 camera and processed with the AnalySis software package.
Stereology. Stereological analysis of collagen fibrils were performed on a random sample of 10 TEM images from each biopsy cross section with the following parameters: the volume fraction (VV) of collagen fibrils; the numerical concentration of collagen fibrils per cross sectional area (N A); and the individual diameters (d) of the collagen fibers. Each randomly sampled EM image was examined with 16 uniformly positioned, unbiased counting frames, each of area 0.0426 mm 2 , in a fixed position relative to the image (which was sampled randomly within the ultra thin cross section of the biopsy, ensuring all profiles in all locations have an equal probability of being sampled within the biopsy cross section). The unbiased counting frame ensures that all profiles, regardless of shape, size, or orientation, have an equal probability of being sampled within an area probe. The stereological analysis of collagen fibrils was carried out on a computer monitor onto which the digitized EM image was merged with a graphic representation of the stereological test systems (C.A.S.T.-grid software, The International Stereology Center at Olympus). On average 199 Ϯ 25 (SE) fibrils (range: 137-287) were analyzed per biopsy cross section in the specimens from the anterior aspect and 278 Ϯ 19 (SE) from each of the posterior specimens (range: 217-327). The fibril density was expressed as the absolute number of fibrils per square micrometer. The fibril volume fraction represents the area occupied by fibrils within the sample area. A single experienced investigator performed all stereological analyses. All measurements were performed in a blinded fashion. The investigator was unaware of the study hypothesis, subject characteristics, and whether the sample was obtained from the anterior or posterior aspect of the tendon.
Data reduction and analysis. The cross-sectional area of the fascicles was calculated based on the diameters of the fascicles measured from stereomicroscopic images obtained while the fascicle was mounted in the experimental setup. Images were obtained while the specimen was immersed in the PBS solution (0.15 M), and diameters were measured at three locations along the length of the specimen, and an average of the three measures was used. Fascicle stress was calculated as the tensile force (N) divided by the cross-sectional area (mapproximately in the middle of the specimen. On three occasions, rupture occurred near the specimen plates 2-3 mm from the plate.
Since the amount of tissue in each biopsy was limited, there was insufficient tissue to perform biochemical analysis for pyrrole in two subjects, i.e., only sample pairs from seven patients could be analysed. For TEM, three sample pairs could not be analyzed. Therefore, only six sample pairs were examined.
Differences in mechanical, biochemical, and structural properties between the anterior (AF) and posterior (PF) fascicles were investigated using a two-tailed paired t-test. Since excessive strain due to insufficient clamping and stress concentrations near clamping sites have been known to introduce variation in tendon mechanical measurements (8), the fascicle that yielded the highest peak stress was used for analysis. To determine associations between structural and biochemical vs. biomechanical parameters, linear regression analysis (Pearson's product-moment method) was performed. A 0.05 level of significance was used. Results are reported as group means Ϯ SD. (Fig. 2) . There was no difference for PENT (0.024 Ϯ 0.015 vs. 0.024 Ϯ 0.013 mol/mol; P ϭ 0.92). Likewise, pyrrole (n ϭ 7) concentration was similar in both regions of the tendon (0.202 Ϯ 0.151 vs. 0.170 Ϯ 0.136 mol/mol; P ϭ 0.76).
RESULTS

Mechanical properties (n ϭ 9).
TEM (n ϭ 6). Fibril diameter tended to be smaller in PF (7,819 Ϯ 2,168 vs. 4,897 Ϯ 1,434 nm 2 ; P ϭ 0.10) (Fig. 3 ). Fibril density was higher for PF than AF (71 Ϯ 17 vs. 96.6 Ϯ 15 m Ϫ2 ; P ϭ 0.05), whereas volume fraction was similar for the two regions (61.0 Ϯ 0.7 vs. 59.3 Ϯ 0.1%; P ϭ 0.82).
Regression analysis.
No statistically significant associations were observed between any of the mechanical parameters measured for AF and PF (Young's modulus and ultimate tensile stress) and any of the measured cross-link parameters (HP, LP, pyrrole, and PENT), respectively (Fig. 4) . However, PENT concentration and subject age were strongly related Fig. 5 ) for both AF (r 2 ϭ 0.903; P Ͻ 0.01) and PF (r 2 ϭ 0.902; P Ͻ 0.01). No correlations were observed for any of the measured cross-link types and fibril morphology. Likewise, fibril mean diameter, fibril concentration, and fibril volume fraction were unrelated to Young's modulus and peak stress (Fig. 6 ).
DISCUSSION
The findings of the study were that PF from human patellar tendon reached lower peak stress and modulus values before failure compared with the AF. PF also demonstrated greater fibril density and a tendency toward smaller fibril cross-sectional area. There were no differences in fibril volume fraction. Biochemically, PF had greater concentrations of enzymatically derived HP and LP cross-links but similar collagen, PENT, and pyrrole concentrations. Finally, measures of cross-linking and fibril morphology seemed unrelated to the mechanical properties of the fascicles. Notably, PENT cross-linking correlated very strongly with subject age.
Collagen cross-links are considered essential for providing strength to dense collagen tissues (4, 5) ; however, few studies have directly assessed the importance of HP and LP in relation to mechanical tissue properties. HP has been shown to be related to material behavior of rabbit medial collateral ligament when the results for healing and control tissue were pooled (15) . Others have shown a positive relationship between HP content and the stiffness (modulus) of goat bone-tendon-bone ACL graft and ACL (28) . However, the modulus of the graft and ACL differed considerably despite comparable HP concentrations, which suggests that factors other than HP likely play an important role in tendon mechanics. It has been reported that pyridinoline may be a better indicator of ultimate tensile stress than hydroxyproline (9) . In summary, pyridinium cross-links seem related to mechanical function in healing ligament and tendon tissue, but we are unaware of reports that address the importance of mature cross-links in relation to the mechanical properties of healthy human tendon.
In the present study, we were unable to show any association between the mechanical properties of the tested fascicles and the concentration of the pyridinium type cross-links HP and LP, suggesting that other factors are also important for tendon strength. One such factor could be the putative inter-fibrillar pyrrole cross-link, which has been positively associated with strength of cortical bone (20) but so far has not been explored in relation to tendon mechanics. We observed no association between pyrrole concentrations and mechanical properties of the isolated tendon fascicles. Accordingly, the present data do not support the notion that pyridinium, pyrrole cross-links, or the AGE marker PENT are sole principle determinants of tendon mechanical function. However, it must be kept in mind that the sample size of the present study was limited, which precludes firm conclusions.
Importantly, we did observe marked differences in the concentration of HP and LP between AF and PF. In humans, it has been shown that the supraspinatus tendon displays elevated HP density compared with the biceps tendon, which may reflect different loading patterns and perhaps morphology between the two tendons (6) . In the present study, the observed differences in pyridinium type cross-links may relate to different loading patterns of the anterior and posterior patellar tendon regions. Adventitious, nonenzymatic cross-linking by advanced glycation end products (AGEs) has previously been shown to markedly affect mechanical properties of collagen tissues. AGE accumulation appears to increase stiffness and breaking strength in tendon tissue (2, 34) , and the AGE concentration as represented by PENT is known to increase in a remarkably linear fashion with aging of various collagen tissues (6, 14, 36) . Interestingly, a "leveling-off" of PENT has been reported in normal supraspinatus tendon in subjects Ͼ50 yr of age, whereas HP and collagen content did not show aberrant values (6) . This pattern of cross-linking was believed to represent a history of repetitive injury and repair with deposition of newly synthesized but functionally organized tendon tissue containing low levels of PENT. In degenerate supraspinatus tendon affected by tendinitis, the authors reported abnormally high HP concentration as a likely result of either an early healing process with deposition of scar tissue or chronic fibrosis (6) . The present study demonstrated a strong positive relationship between subject age and PENT (Fig. 5 ) in both AF and PF and, furthermore, that PENT concentration was unrelated to tendon mechanics. PENT is generally considered a suitable marker of collagen biological age (4 -6) . PENT has also been utilized to evaluate the degree of remodeling in tendon tissue (6) . The similar levels of PENT between PF and AF do not indicate recent remodeling in the posterior tendon since newly deposited collagen from tendon repair would contain reduced amounts of PENT due to insufficient time for the constitutive process of AGE accumulation. Although we did not observe any signs of pathology, we cannot exclude the possibility that the patellar tendon grafts in the study could be affected by tendinosis to some degree since as much as one-third of jumping athletes suffer from subclinical tendinosis (24) . The presence of tendinosis could have influenced mechanical, structural, and biochemical properties of the tendon samples. However, we suspect that significant degeneration of the examined grafts would have influenced the PENT concentration in the affected samples, which does not seem to be the case. However, assay of the matrix metalloproteinases, their tissue inhibitors, and collagen intermediate cross-linking would provide unequivocal evidence of this possibility and should be included in further studies.
Fibril morphology has previously been associated with mechanical properties of collagen tissues, where a positive relationship was suggested between the "mass average diameter" of fibrils and ultimate tensile strength of the tissue (30) . Large-diameter fibrils are thought to possess augmented tensile strength due to greater potential for intra-fibrillar cross-links, whereas smaller fibrils are weaker but more creep resistant due to a higher surface area per unit mass, which allows for increased electrostatic interactions between fibrils and glycosaminoglycans (30) . However, increased levels of glycosaminoglycans and possible resultant increased hydration have also been shown to influence the structural integrity and strength of the anterior cruciate ligament in dogs (10) . Consequently, further studies must address these questions.
The present study also showed that the stronger AF tended to have a larger mean fibril area; yet, there was no relationship between the fibril morphology and mechanical properties in individual patients. Our findings corroborate those of Lavagnino et al. who could not demonstrate a relationship between fibril diameter distribution and mechanical properties in stress deprived rat tail tendons (23) . Few studies have addressed the impact of altered loading on fibril morphology. A tendon lesion animal model showed a transient decrease followed by an increase in fibril diameters in noninjured tissue surrounding the lesion, which was considered to be an adaptation to increased tendon stress (due to reduced functional cross-sectional area of the noninjured tendon) with subsequent remodeling of the tendon (26) . Others have observed a positive correlation between fibril diameters and ultimate strength in collagen tissues (29, 30) . The present data show a tendency toward decreased fibril diameters in the posterior fascicles compared with the AF (Fig. 3) , which suggests that the fibrils of the posterior tendon region may be relatively stress shielded (27) . Since the similar concentration of PENT in the two regions indicates equivalent remodeling, the tendency toward smaller posterior fibril diameter likely reflects a congenitally moderated functional adaptation. Perhaps the human patellar tendon should be regarded as two distinct functional units; an anterior tendon unit and a posterior ligament unit. Anatomically, the posterior portion of patellar tendon connects the patellar sesamoid bone to the tibial tuberosity, whereas the anterior portion appears as a continuity of the quadriceps tendon. Furthermore, compared with tendon, ligaments have increased concentration of the immature cross-link dihydroxylysinonorleucine (DHLNL) [which is a precursor of HP (37)], a higher concentration of pyridinoline (36) , and a larger number of small fibrils (35) , which corresponds well with the present data, although obviously further studies are warranted.
We hypothesized that region-dependent differences in mechanical properties would exist between the anterior and posterior regions of the patellar tendon and that such differences would be associated with alterations in collagen fibril morphology and the biochemical cross-link composition of the tendon fascicles. We observed inferior mechanical strength of the posterior tendon. The reduced strength of the posterior tendon was accompanied by more densely packed fibrils that displayed a tendency toward smaller cross-sectional areas. Fibril morphology appeared unrelated to mechanical properties, although it should be noted that the sample size was limited. Biochemically, PENT concentration was similar in the anterior and posterior tendon. Surprisingly, the concentration of mature HP and LP cross-links was greater in the posterior and weaker part of the patellar tendon. The lower levels of HP and LP in the anterior tendon were not accounted for by the putative interfibrillar pyrrole cross-link. These findings suggest region-specific differences in mechanical, structural, and biochemical properties of the human patellar tendon.
